The structural phase transitions of Rb 2 MoO 4 and Rb 2 WO 4 have been reinvestigated with the use of heat capacity measurement and synchrotron X-ray and neutron scattering techniques. In Rb 2 MoO 4 , the existence of polymorphous structures has been confirmed. These crystal structures at 290 K are a monoclinic -K 2 MoO 4 type one and an orthorhombic -K 2 SO 4 type one. In an annealed sample, two typical first-order-type anomalies were observed at 783 and 752 K. Furthermore, new -type anomaly equivalent to the second normal-incommensurate phase transition in A 2 BO 4 -type ferroelectrics was observed at 223 K. On the other hand, the crystal structure at 290 K of Rb 2 WO 4 was a monoclinic -K 2 MoO 4 type one and no phase transition was detected down to 8 K.
I. Introduction
Many of the A 2 BO 4 -type crystals have the -K 2 SO 4 type structure (space group Pnam). Since the subgroup Pna2 1 is polar, the family of crystal has been investigated widely as a candidate of ferroelectrics. However, these crystals have not necessarily the same succession of the phase transition. According to an empirical rule about the ratio the ionic radius of A + to the average bond length B-O in the BO 4 2tetrahedron, r(A)/r(BO) [1] , A 2 BO 4 -type crystals can be loosely classified into two main groups. When the ratio is less than 1. 3 [4, 5] . Among the A 2 BO 4 -type crystals belonging to the group I, the low-temperature normal-incommensurate (N-INC) phase was observed only in K 2 SeO 4 . As temperature decreases K 2 SeO 4 transforms from phase I to phase II and to a low-temperature incommensurate phase (phase III, ~3a 0 , b 0 , c 0 ), which is followed by a ferroelectric phase (phase IV, Pna2 1 , Z=12, 3a 0 , b 0 , c 0 ) [6] . In the case of K 2 CrO 4 and Rb 2 SeO 4 , the calculated dispersion curves contain an unstable  2 phonon branch [7] , which is similar to those obtained for the prototype incommensurate material K 2 SeO 4 . But no transition is detected down to 0 K in K 2 CrO 4 and Rb 2 SeO 4. The calculated temperatures of hypothetical phase transitions are 4 K and -7 K for K 2 CrO 4 and Rb 2 SeO 4 , respectively. However, a softening tendency of the  2 phonon branch around 0.7a* was observed in K 2 CrO 4 [8] and Rb 2 SeO 4 [2] .
We have been studying the mechanism of normal-incommensurate phase transition and hypothetical one in A 2 BO 4 -type crystals. In Rb 2 MoO 4 and Rb 2 WO 4 , because the value of r(A)/r(BO) is nearly identical to 0.93, it was expected that the N-INC phase transition exists as similar to K 2 SeO 4 . In order to obtain additional information about structures and structural phase transitions in Rb 2 MoO 4 and Rb 2 WO 4 , we performed heat capacity measurement, and synchrotron X-ray and neutron scattering experiments. The observed results and discussions are presented in the following.
II. Experimental
Powder samples of Rb 2 MoO 4 and Rb 2 WO 4 were prepared by the solid-state reaction method in air at 900 K for 24 hours using Rb 2 CO 3 , MoO 3 and WO 3 as starting materials. Furthermore, single crystals of Rb 2 MoO 4 were grown by a slow evaporation method from a saturated ammonium solution of Rb 2 CO 3 and MoO 3 at 310 K. By a preliminary X-ray diffraction analysis, crystal systems for powder samples and single crystal samples in Rb 2 MoO 4 were confirmed orthorhombic and monoclinic, respectively. Single crystal samples were annealed in air at 500 K for 4 hours before measurements in order to get the orthorhombic morphotype.
A heat capacity measurement was carried out by using a heat capacity measurement module, Quantum Design PPMS, in the temperature range from 2 to 300 K. Above 300 K, different scanning calorimeter (DSC) measurement was carried out on a SEIKO DSC220 at a heating rate 5 Kmin -1 . The heat capacity of the empty calorimeter in DSC was calibrated by the use of sapphire as a standard sample.
X-ray powder diffraction measurements with a large Debye-Scherrer camera were performed using the synchrotron radiation source at the BL15XU beam line of SPring-8 [9] . Incident beam was monochromatized at  = 0.65297 Å.
Neutron powder diffraction experiments were also performed by using the Kinken powder diffractometer for high efficiency and high resolution measurements, HERMES, of Institute for Materials Research, Tohoku University, installed at the JRR-3M reactor in Japan Atomic Energy Research Institute (JAERI), Tokai [10] . Neutrons with a wavelength of 1.8196 Å were obtained by the 331 reflection of a Ge monochromator. These diffraction data were analyzed using the Rietveld method (RIETAN-FP) [11] . and K 2 MoO 4 (group II), which are very sharp and of first-order nature. The entropies of transition S 1 and S 2 , and the enthalpies of transition H 1 and H 2 are estimated to be 4.11 Jmol -1 K -1 , 3.88 Jmol -1 K -1 , 3.22 kJmol -1 and 2.92 kJmol -1 , respectively. Furthermore, -type anomaly was also observed at T 3 = 223 K (S 3 = 1.043 Jmol -1 K -1 , H 3 = 0.229 kJmol -1 ). The transition points reported around 503 and 773 K was not confirmed by our study both crystals grown by the solid-state reaction method and the slow evaporation method. Figure 3 and Table 2 , respectively. (8) Here, lattice parameters ratio a 0 /c 0 in the -K 2 SO 4 type structure are adopted as an additional parameters for the group I, where the a-axis is a pseudo-hexagonal axis and 0 0 3c b  . In fact, the value of a 0 /c 0 for our annealed Rb 2 MoO 4 are determined as 1.270. According to the rigid body motion analysis and Brown theory [13, 14] , A(1) (11-coordinated site) ion is the main one that produces the different type of transitions, and the rotation of the tetrahedral BO 4 2ion around the c-axis is important to remain the orthorhombic -K 2 SO 4 type structure. The rotation contributes to change the lattice parameter ratios a 0 /c 0 ( 0 0 / 3 b a  ) and a 0 /b 0 . Figure 4 shows the relationship between lattice parameter ratios a 0 /c 0 and phase transition temperatures of representative A 2 BO 4 -type crystals, which belong to the group I. The values obtained for a 0 /c 0 and T 3 are 1.270 and 223 K in annealed Rb 2 MoO 4 , 1.277 and 131 K in K 2 SeO 4 , 1.297 and 4 K in K 2 CrO 4 , 1.292 and -7 K in Rb 2 SeO 4 , and 1.302 and -111 K in Ce 2 SeO 4 , respectively. The N-INC phase transition temperature increases loosely with decreasing lattice parameter ratio a 0 /c 0 . In conclusion, A 2 BO 4 -type crystals can be classified by both ratios of r(A)/r(BO) and a 0 /c 0 . Annealed Rb 2 MoO 4 has both characters of groups I and II and is expected to undergo the succession of phase transition: the high-symmetry hexagonal phase (-K 2 SO 4 type)intermediate high-temperature incommensurate phaseorthorhombic phase (-K 2 SO 4 type) -low-temperature incommensurate phase. Unfortunately, it is not clear the connection between another room temperature phase (monoclinic -K 2 MoO 4 type) and the suggested successive phase transition. In annealed Rb 2 MoO 4 , the new phase transition at T 3 is considered as a displacive-type transition with a typical soft phonon mode. Furthermore, the existence of a lock-in transition below T 3 can be expected, so the inelastic neutron scattering and X-ray scattering studies are now in progress.
III. Results and discussion

